The influence of fixed nitrogen on Azotobacter both with respect to utilization and inhibition of nitrogen fixation has been studied by a number of investigators. The results have not always been conclusive because of the relatively poor growths of cultures obtained in culture media now known to have been deficient in one or more of the elements essential for nitrogen fixation or growth, particularly calcium, iron or molvbdenum. Inadequate analyses of the fixed nitrogen consumed by the organisms, which, with few exceptions, were cultured in the presence of nitrogen gas, also leads to uncertainty. The results reported in this paper were obtained by testing a variety of nitrogenous compounds on several strains of Azotobacter in a medium capable of giving growth equivalent to 20 to 30 mg. nitrogen per 100 ml. in a few days. The experiments wvere carried out chiefly in the absence of nitrogen gas in atmospheres containing one-fifth of an atmosphere of oxygen only or with hydrogen added to bring the total pressure to one atmosphere. Under these conditions any visible growth is evidence of utilization of the fixed nitrogen added uncomplicated by any simultaneous assimilation of nitrogen gas. Recent investigations in this laboratory, as well as those of Wyss et al. (1941), have shown that whereas hydrogen inhibits nitrogen fixation, it has no significant effect on the growth of Azotobacter supplied with the usual quantities of readily available fixed nitrogen. In addition to these experiments made in the absence of nitrogen gas a few cultures were grown in the presence of air, with several nitrogen compounds added to the medium in order to test the relative utilization of free and fixed nitrogen. PREVIOUS 
UTILIZATION OF FIXED NITROGEN BY AZOTOBACTER

METHODS
The culture medium employed was Medium A, previously described (Horner et al., 1942) , to which was added the desired concentration of fixed nitrogen and 1 p.p.m. molybdenum as Na2MoO4 2H20 unless otherwNise stated. The fixed nitrogen compounds were generally sterilized separately by making up solutions 15 or more times the concentration desired, neutralizing to about pH 7.0 with dilute acid or alkali if necessary, and filtering with suction through sterilized sintered glass bacteriological filters (G5 on 3 porosity) into sterile test tubes. Aliquots were aseptically introduced into the autoclaved medium. Occasionally the nitrogenous compounds were autoclaved in the medium at 15 pounds pressure for 15 to 20 minutes. Erlenmeyer flasks of 125 ml. capacity containing 15 ml. of nutrient solution served as culture vessels. They were inoculated with one or two drops of a one-to two-day culture. For the experiments carried out in the absence of nitrogen gas, the culture flasks were placed in vacuum desiccators which were then evacuated, filled with oxygen, reevacuated and filled with 0.2 atmosphere of oxygen and 0.8 atmosphere of hydrogen. In some experiments the hydrogen was omitted and the cultures were merely allowed to remain under partial vacuum with 0.2 atmosphere of oxygen only present. The temperature of incubation was 30°C.
In addition to frequent observations during the growth period, final observations were made on the cultures visually, turbidimetrically with a Bausch and Lomb nephelometer, or by micro-Kjeldahl nitrogen analyses. A modification of Bortel's procedure (1936) for estimating the total amount of nitrogen assimilated by the organisms in the presence of the original nitrogen wNas used as follows: Sufficient 10 per cent A12(S04)3-18H20 solution was added to give a concentration of about 0.5 per cent, the precipitate centrifuged out, washed once with distilled water to which a few drops of the aluminum sulfate solution had been added, the precipitate dissolved in a few ml. of concentrated H2SO4 and aliquots taken for micro-Kjeldahl analyses. Observations in the absence of added fixed nitrogen have shown that a portion of the soluble excreted nitrogen amounting to 10 to 20 per cent of the total Azotobacter nitrogen is not precipitated by the aluminum sulfate, hence an average blanket correction was made by multiplying the determined aluminum-precipitated nitrogen by 1.18 Types of nitrogen utilized. Previous observations (BuIk and Horner, 1937 ) have shown that ammonia nitrogen is the most readily utilized source of nitrogen for Azotobacter as judged by the rate of growth of cultures in the micro-respiration apparatus; urea, nit-rite, nitrate, arginine, and asparagine followv in decreasing order. The macro experiments reported here fail to confirm the availability of arginine but the other compounds served as suitable sources of nitrogen. Ammonium compounds are often inhibiting to some strains in concentrations of 10-20 mg. of nitrogen per 100 ml. but in lower concentrations readily promote growth. Concentrations of nitrate nitrogen above 30-40 mg. per 100 ml. often cauLse sluggish growth and more than 5 mg. of nitrite are toxic. Urea appears to be the best souirce of organic nitrogen for Azotobacter. The urease activity of the organisms is, however, sometimes greater than the rate of assimilation at the higher concentrations and the resulting accumulation of ammonia, accompanied b)y an increase in p11, has a retarding effect on growth.
Of the numerous other compounds tested, the only ones that wvere definitely showan to be assimilated by azotobacter were asparagine, I-aspartic acid, adenine and d-glutamic acid. These were all more slowly utilized than ammonia, nitrate, nitrite or urea. Glutamic acid, which in most cases allowed very little growth for one or two w-eeks in the absence of nitrogen gas, produced very heavy cultures after five wveeks. Inoculation from these old cultures into peptone meat-extract medium indicated the absence of contamination. Doubtful sources of nitrogen for Azotobacter include guanine, allantoin, cytosine iand uramil. The solubility of guianine was too low to ascertain its consumption It   II  II  II  II  III  III  IV  IV   It   IV  IV  IV  IV  V  V  V   Vilit   III  III  IV  IV  V   VT   III  III  IV  IV  VI  VI  VI  VI  VI  VI  VI  VI  IV  IV  IV  IV  VI  VI  VI experiment but the results in other experiments and with other strains were negative. Uramil, a pyrimidine ring compound, produced good growth in several experiments. Growth occurred, however, only after the disappearance (several days after inoculation) of the red color which had formed upon neutralization of a colorless uramil solution with KOH. The uramil may have been converted into the nitroso compound, isonitrosobarbituric acid (Karrer, 1938) . It is uncertain in what form the nitrogen may have been assimilated by the organisms.
It appears, therefore, that very few nitrogenous compounds are available as nitrogen sources forAzotobacter. Of the amino acids, onlythe dicarboxylic acids are assimilated. The simplest, or two-, three-and four-carbon monocarboxylic acids, glycine, alanine and a-amino butyric acid, which would be expected to be most readily utilized, indicated no significant availability. The six-carbon compound, leucine, the diamino acid, lysine, and two members containing ring structures, arginine and histidine, were likewise unassimilated to any appreciable extent. It is of interest that all of those compounds containing the purine or pyrimidine ring structures, except uramil, that gave any indication of being assimilated, occur naturally in nucleic acid and contain nitrogen in an amino group outside the ring. Three of the substances that were not attacked, 5-amino uracil, isocytosine and 2-amino-6-methoxypyrimidine, also contain a free amino group but they have never been shown to be of any biological importance. Uric acid and uracil, other constituents of nucleic acid, contain no nitrogen outside their ring structure. None of the simple amides of straight-chain fatty acids containing up to three carbon atoms was utilized, nor were the amides of the dicarboxylic acids, malonic and adipic acids. The same is true for dicyandi-amide, methyl urea, methylamine, semicarbazide, taurine, succinimide, furfuraldoxime and glycylglycine as representatives of various structures.
Attempts were made to adapt A. chroococcum B-8 to utilize arginine and glycine by continually transferring in a medium containing these compounds. Although arginine and glycine appeared to cause some stimulation of groNth in air, no utilization of aspartic acid it would seem I hat both the amino and amide nitrogen of the asparagine are about equally readily utilized. The proportion of nitrogen assimilated from adenine was consistently about one-fifth or slightly more of the total nitrogen added except in the relatively long-time experiments when it approached 30 to 50 per cent. Since the non-ring amino nitrogen constitutes one-fifth of the total nitrogen in the adenine molecule, it appears probable that this nitrogen is most readily utilized and the ring str'Ucture is only slowly attacked. The enzyme adenase, has the ability to split off the amino group of adenine, leaving hypoxanthine. Unfortunately, the latter compound was not available for testing. It is also probable that the other naturally-occurring amino purine, guanine, which is hydrolyzed to xanthine by guanase, is utilized to the same extent by Azotobacter, although the low solubility of this compound renders the results as to its availability uncertain. The other naturally-occurring purine derivative, uric acid, which contains no nitrogen outside the ring was not utilized to any appreciable extent although it was not tested in a long time experiment. Allantoin is a compound derived by the oxidation of uric acid through the action of uricase. A portion of the ring structure is broken and urea may be formed from allantoin by the enzyme allantoinase. Over 50 per cent utilization of allantoin by A. vinelandii V-1 in 36 days indicates the possible adaptive production of allantoinase by this strain. As seen in table 2, and from other unreported shorter experiments, no significant growth of A. chroococcum B-8 was obtained with this compound. Less is known of the biological transformations of the pyrimidine compounds than of the purines but from the apparent although slight growth with cytosine, the amino groups of the naturally occurring pyrimidine compounds may likewise be available to A zotobacter.
Relative utilization of free and fixed nitrogen. Table 4 shows the effect of several organic nitrogen compounds on the growth of A. chroococcum B-8 and A. vinelandii V-1 in air. These include asparagine and adenine which support growth of the organisms in the absence of nitrogen gas, and arginine, uracil, 5-amino uracil and malonamide which do not. It is seen that with molybdenum in the medium an increase in nitrogen as a result of nitrogen fixation occurs in all of the cultures, and in the presence of asparagine and adenine utilization of nitrogen from these sources also takes place. In experiments where direct comparisons can be made, the amount of fixed nitrogen consumed in air is about the same or slightly more than that taken up in the absence of nitrogen gas (table 2) . The apparent small differences that exist between the two are not considered significant because of the inexact correction blank required to estimate the proportion of the total assimilated nitrogen that originates from the added nitrogen compounds. The same is true of the indicated slight utilization of some of the other compounds. It should be noted that the total nitrogen assimilated in a given experiment is practically the same in the presence as in the absence of the various nitrogen compounds, whether utilized or not. Thus, with increasing utilization of the fixed nitrogen, the amount or proportion of free nitrogen consumed is decreased. With the exception of one case with asparagine, the proportion of free nitrogen utilized is always greater than that of the fixed nitrogen consumed.
The only evidence of stimulation of nitrogen fixation by any of the nitrogenous compounds is some increase given by arginine, particularly at the lower concentration. Observations had indicated that uracil was causing some stimulation during the first few days of growth but the nitrogen analyses of the twelfth day showed no effect. There appears to be no significant effect of the fixed nitrogen compounds on nitrogen fixation by the cultures in the absence of molybdenum. Under these conditions practically all the nitrogen that is assimilated originates from any available nitrogenous compounds present. Observations of cultures on which no nitrogen determinations were made showed some inhibition of growvth by alanine, glutamic acid, glycine, and taurine in concentrations equivalent to 20 mg. nitrogen per 100 ml. or more, and by furfuraldoxime, methylamine and semicarbizide in concentrations equivalent to 5 to 10 mg. nitrogen per 100 ml. A. vinelandii A&-1 was usually more sensitive to the toxic action of these compounds than was A. chroococcum B-8. The former strain was also markedly inhibited by the higher concentrations of adenine H2SO4. The other organic compounds tested caused little if any noticeable effect on the growvth of the cultures.
Evidence given in table 5 of nitrogen fixation by A. chroococcum B-8 and A4. vinelandii V-1 in the presence of nitrate is considered separately from the results obtained with the organic nitrogen compounds because of the relatively greater availability of the nitrate as a source of nitrogen. With molybdenum in the medium it is seen that the proportion of nitrate to free nitrogen consumed is extremely variable but in general the former is equal to or greater than the latter. Considerable experimental or cultural variation has been observed and on occasion little if any nitrogen fixation by these strains in the presence of nitrate was indicated. Table 5 shows that when nitrogen fixation is obtained in the presence of nitrate it is markedly decreased as compared to that in the absence of nitrate. The variation is probably due in part but not entirely to the concentration of nitrate employed. The quantity of nitrogen fixed without molybdenum is too small and the estimation too inaccurate to determine whether or not fixation is entirely prevented by the presence of nitrate but it appears probable that such is the case.
No evidence has been obtained that Azotobacter can assimilate free nitrogen in the presence of available ammonium salts. Tests indicate that the ammonia nitrogen is preferentially utilized to the exclusion of the free nitrogen but these experiments might well be extended.
AGRONOMIC 1IMPLICATIONS
Previous investigators, who have considered the agronomic importance of Azotobacter, have arrived at very widely different conclusions. Some workers, particularly Russian scientists, seem to consider that much of the crop nitrogeni is obtained from the air indirectly through the activities of these orgainisms. As an example of the other extreme viewpoint is the conclusion of Bonazzi (1925) that "A. chroococcumn is a soil scavenger capable, when starved to it, of fixing small quantities of the free atmospheric molecular nitrogen even thoughl this property of the organism is seldom active to the extent, of playing an important role in agriculture or geology." In considering the plractical importance of Azotobacter three things in particular need to be considered, (a) their abundance in soils, (b) the adequacy of the available energy supply, and (c) their ability to fix nitrcogen in the presence of fixed nitrogen in the soil. With regard to the first two points, not considered in this paper, it has been established that Azotobacter strains are not abundant in the average American soil, and are frequently entirely absent from soils having pH values of 5 to 6 or lower. It has also been shown that the quantity of energy material consumed per unit of nitrogen fixed is large, and that most of the carbon sources in the soil are not directly available to these bacteria. It is doubtful if they get a very large proportion of the supply even with the help of other organisms.
The present paper furnishes information on the third point mentioned above.
It is shown that very few organic nitrogenous compounds can be assimilated by
Azotobacter, and the rate of use of any of these that may be present in soil, except urea, is so slow that their presence would not markedly affect nitrogen fixation. Urea is seldom if ever found in soil in appreciable concentrations; even if added it is decomposed within a few hours. The two most important inorganic nitrogen sources, ammonia and nitrates, are, however, readily assimilated and, if present in quantity, would decrease nitrogen fixation. Ammonia, which is the most readily assimilated nitrogen source, is constantly being formed in soils but is either taken up by higher plants or converted into nitrates so readily that its concentration is usually limited to a few parts per million. The soil conditions that favor its accumulation are usually unfavorable to the growth of Azotobacter anyway, and under these conditions the effect of fixed nitrogen on fixation is incidental. Nitrate nitrogen is probably the most important with respect to occurrence in the soil but, as shown in table 5, nitrogen fixation will takeplace to nearly the same extent as utilization of nitrate in the presence of concentrations considerably higher than those common in soils. Certain environmental factors of the soil may well alter the relative utilization of free and fixed nitrogen but it is not believed that these are numerous. The molybdenum supply is the one outstanding known example. In a soil incapable of supplying the bacteria with an adequate supply of this element, nitrogen fixation would be limited and if other conditions for growth were adequate and available nitrogen were present, utilization of nitrogen would predominate.
SUMMARY
Thirty-five organic nitrogenous compounds, including amino acids, purines, pyrimidines, amines and amides were tested as sources of nitrogen for growth of several strains of Azotobacter in the absence of nitrogen gas. Of these, only urea, aspartic acid, asparagine, adenine and glutamic acid appeared to be definitely assimilated. With the exception of urea they were not as readily utilized as the inorganic ammonium salts, nitrites and nitrates. Besides these, guanine, allantoin, cytosine and uramil supported some growth of the organisms after prolonged periods of incubation. The presence of adenase in Azotobacter wvas indicated since after consuming the proportion of nitrogen in adenine corresponding to the non-ring amino nitrogen, the remainder was more slowly attacked.
The relative utilization of free and fixed nitrogen in air with optimal molybdenum showed that the consumption of free nitrogen by Azotobacter predominated in the presence of adenine and was about equal to or somewhat less than the cultures, due to addition of the nitrogen compounds, corresponded very closely to the amount of fixed nitrogen utilized. Except for the toxicity to growth of certain nitrogen compounds and a slight stimulation by arginine and uracil, the unavailable compounds had no effect on nitrogen fixation in the concentrations tested. It is concluded that the relative availability and probable occurrence of fixed nitrogen compounds in soils is such that they would be unlikely to markedly retard nitrogen fixation by AZotobacter uinder most c(nditions.
